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Fibroblast growth factor 21 (FGF21) is a potent antidiabetic
and triglyceride-lowering hormone whose hepatic expression is
highly responsive to food intake. FGF21 induction in the adapt-
ive response to fasting has been well studied, but the molecular
mechanism responsible for feeding-induced repression remains
unknown. In this study, we demonstrate a novel link between
FGF21 and a key circadian output protein, E4BP4. Expression of
Fgf21 displays a circadian rhythm, which peaks during the fast-
ing phase and is anti-phase to E4bp4, which is elevated during
feeding periods. E4BP4 strongly suppresses Fgf21 transcription
by binding to a D-box element in the distal promoter region.
Depletion of E4BP4 in synchronized Hepalclc-7 liver cells aug-
ments the amplitude of Fgf21 expression, and overexpression of
E4BP4 represses FGF21 secretion from primary mouse hepato-
cytes. Mimicking feeding effects, insulin significantly increases
E4BP4 expression and binding to the Fgf21 promoter through
AKT activation. Thus, E4BP4 is a novel insulin-responsive
repressor of FGF21 expression during circadian cycles and
feeding.

The mammalian circadian rhythm system plays a fundamen-
tal role in coordinating various physiological processes, which
are manifested by a precise 24-h cycle and responsiveness to
light or food cues (1-4). Recent genetic and biochemical stud-
ies of mammals, Drosophila, and bacteria have provided a gen-
eral model of the circadian clock that is based on a transcrip-
tional-translational feedback loop consisting of both positive
and negative circadian clock proteins (1, 4). Besides controlling
the core circadian oscillation loop, the clock proteins also
actively participate in rhythmic expression of various output
genes, which may account for the rhythmic activities in periph-
eral tissues (1, 3). As demonstrated in various microarray stud-
ies, genes important for gluconeogenesis, lipogenesis, and cho-
lesterol synthesis are potential targets of clock proteins (5- 8).
Therefore, for drug administration and drug design, it becomes
critical to understand how the cycling of individual metabolic
genes is regulated in a 24-h rhythm (9, 10).
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E4BP4 (E4-binding protein 4), also called NFIL3, is a b-ZIP
(basic leucine zipper) transcription factor initially identified as
an IL-3-inducible factor in pro-B lymphocytes (11-13). The
biological function of E4BP4 has been largely explored in the
immune system, in which E4BP4 knock-out mice are defective
in natural killer cell development and IgE class switch (14 -16).
E4BP4 was first identified as a clock-controlled gene in mouse
liver (17, 18). Its mRNA and protein levels oscillate in a circa-
dian fashion, which is anti-phase to DBP (D-site of albumin
promoter-binding protein), another clock-controlled output
gene (19). The mRNA of E4BP4 peaks at circadian time (CT)? 0
and troughs at CT 12 (17, 20). Although the role of E4BP4 in the
mammalian circadian system is unclear, its homologue in Dro-
sophila, vrille, serves as a key component of the core circadian
network via a negative feedback loop (21-23). E4BP4 binds a
D-box cis-element of the promoter region of target genes to
repress transcription (24 —-27). So far, only a few circadian tar-
gets, including Cyp7A, Mdrl1, and PPAR"y (peroxisome prolif-
erator-activated receptor 7), have been identified as targets of
E4BP4 (28 —30). Nevertheless, the circadian function of E4ABP4
in the liver metabolism remains unknown.

FGEF21 (fibroblast growth factor 21) belongs to a superfamily
of FGF peptides without mitogenic effects (31-34). FGF21
induction is critical to lipolysis, gluconeogenesis, and ketogen-
esis during the prolonged adaptive response to fasting (35, 36).
It has been observed that chronic injection of FGF21 improves
insulin sensitivity, lowers blood glucose and lipid levels, and
stimulates glucose uptake in adipose tissue in several animal
models (36, 37). However, in human studies, FGF21 level is also
increased in patients with obesity and diabetes, raising a possi-
bility of FGF21 resistance in those patients (38 —40). Nuclear
receptor PPARw is the major transcription activator for FGF21
induction during fasting (35, 36, 41). A recent report suggests
that thyroid hormone T3 induces FGF21 expression through
thyroid hormone receptor 3, retinoid X receptor, and PPAR«
(42). Two major components of the circadian network, ROR«
(retinoic acid receptor-related receptor «) and Rev-erba, have
also been found to regulate FGF21 expression (43, 44). Given
that FGF21 expression is sensitive to the feeding state (45-47),
we speculate that the FGF21 level oscillates during a circadian

2The abbreviations used are: CT, circadian time; Q-PCR, quantitative PCR;
UTR, untranslated region.
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cycle, which is intimately coupled with a feeding and fasting
cycle.

In this report, we present evidence that Fgf21 is a direct target
of E4BP4. Manipulation of E4BP4 level inversely changes the
expression and secretion of FGF21 in the mouse liver cell line
and primary mouse hepatocytes. Knockdown of E4BP4 alters
the circadian oscillation of Fgf21 mRNA in synchronized hep-
atoma cells. On the physiological level, the E4BP4-mediated
repression of FGF21 is downstream of the insulin-induced AKT
signaling and correlated to the fasting-feeding cycling.

EXPERIMENTAL PROCEDURES

Plasmids and Adenovirus Generation—The E4BP4 expres-
sion construct was made by cloning the full-length E4BP4
c¢DNA into pQCXIP (Clontech). The E4BP4 shRNA knock-
down construct was made by ligating the targeting oligonucleo-
tide sequence into the RNAi-Ready pSIREN-Retro-Q vector
(Clontech). The targeting sequence for mouse E4bp4 is
5'-ACGUAUUCCACCUCCAUCU-3'. The FGF21 promoter-
driven luciferase reporter construct was a generous gift from
Dr. Kliewer (University of Texas Southwestern Medical Cen-
ter). The QuikChange site-directed mutagenesis kit (Agilent-
Stratagene) was used to introduce targeted deletions to the
Fgf21 promoter luciferase construct. pAdEasy FLAG-E4BP4
virus was made by using the Agilent AdEasy adenoviral vector
system according to the user’s manual. The constitutive active
AKT expression vector was kindly provided by Dr. Liangyou
Rui (University of Michigan).

Animal Experiments—Wild-type C57BL6 mice aged 6-10
weeks were maintained on 12 h/12 h light/dark with free access
to food and water for 2 weeks before being transferred to the
dark/dark condition for an additional 48 h. Mice (n = 3) were
sacrificed every 4 h for 2 circadian cycles. The liver tissues were
harvested and prepared for mRNA analysis. For the fasting and
feeding study described in Fig. 3, wild-type C57BL6 mice aged
6—8 weeks (n = 5/group) were either fed ad libitum or
restricted from food for 24 h (from 5 p.m. to 5 p.m.). After
sacrifice, liver tissues were collected for both mRNA and pro-
tein analysis. All animal experiments were approved by the
Institutional Animal Care and Research Advisory Committee
at the University of Pennsylvania.

Cell Cultures and Transfection—Hepalclc-7 cells were
maintained in minimum essential medium supplemented with
10% fetal bovine serum at 37 °C under 5% CO,. Cells were
plated in a 24-well plate overnight before transfection with the
Fgf21 promoter luciferase reporter alongside either GFP con-
trol or various circadian clock gene expression constructs using
Lipofectamine 2000 (Invitrogen). 48 h post-transfection, cells
were lysed for a luciferase activity assay on BioTek Synergy 2.
The B-galactosidase construct was also cotransfected in each
well for normalizing luciferase activity. Insulin was purchased
from Invitrogen. LY294002 was purchased from Promega.

Generation of Stable Cell Lines—A Hepalclc-7-derived sta-
ble cell clone expressing E4bp4 shRNA was generated for the
circadian study. Hepalclc-7 cells were transiently transfected
with pSiren-shNC (control vector) or pSiren-shE4 (E4bp4
shRNA) vector and subsequently were selected in the medium
containing puromycin (1.5 pg/ml) for 3 weeks. The positive
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clones were confirmed by both RT-PCR and immunoblotting
for a decreased level of E4BP4 mRNA and protein.

Primary Mouse Hepatocyte Isolation and Culture—Hepato-
cytes were isolated from male mice (9-10 weeks in C57BL/6
background). The liver was perfused with 0.5 mg/ml type II
collagenase (Worthington) via the inferior vena cava to isolate
hepatocytes. Cells were seeded for 2 h on collagen-coated
6-well plates in Williams Medium E (catalogue number W4125,
Sigma) supplemented with 2% fetal bovine serum, 100 units/ml
penicillin, and 100 ug/ml streptomycin (5 X 10° cells/well).

¢DNA Synthesis and Q-PCR—Total cellular RNA extraction
was performed with TRIzol reagent (Invitrogen) and chloro-
form. cDNA was synthesized with the Verso c¢cDNA kit
(Thermo Fisher Scientific, Surrey, UK) and subjected to Q-PCR
using Absolute Blue SYBR Green ROX Mix (Thermo Fisher
Scientific) on an ABI 7900 HT thermal cycler (Applied Biosys-
tems, Foster City, CA). The value of each cDNA was calculated
using the ACt method and normalized to the value of a house-
keeping gene control, arbp. The data were plotted as -fold
change. The primer sequences used in this study are as follows:
mFgf21,5'-gctgctggaggacggttaca-3' (forward) and 5'-cacaggtc-
cccaggatgttg-3' (reverse); mArbp, 5'- ccgatctgcagacacacact-3’
(forward) and 5'-accctgaagtgctcgacate-3' (reverse); mE4bp4,
5'- cggagcttgaatcgegecce (forward) and 5'-gggttatcgtggttct-
gctecctg (reverse).

ELISA—Primary mouse hepatocyte cells were treated with
either Ad-GFP or Ad-E4BP4 viral stock overnight before
switching to serum-free medium. 72 h later, the cell culture
medium was used for measuring FGF21 secretion by the ELISA
kit (MF2100, R&D Systems) according to the manufacturer’s
instructions.

Immunoblotting— 48 h post-transfection, Hepalclc-7 cells
were washed once in 1X PBS buffer and lysed in lysis buffer
supplemented with 1X protease inhibitor (Roche Applied Sci-
ence). After whole cell lysates were precleared at maximal speed
at 4 °C in a microcentrifuge, the protein concentration of each
supernatant was measured by a Bio-Rad protein assay. Equal
amounts of protein samples were separated in 10% SDS-poly-
acrylamide gels and transferred to PVDF membrane (Milli-
pore). The membranes were incubated in antibodies against
FLAG (Sigma), E4BP4 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), AKT (Cell Signaling), phosphorylated AKT (Cell
Signaling), GSKB (Santa Cruz Biotechnology, Inc.), phos-
phorylated GSKB (Cell Signaling), DDB1 (Abcam), and RAN
(BD Biosciences). HRP-conjugated secondary antibody against
mouse IgG or rabbit IgG and Western Lightning ECL substrate
(PerkinElmer Life Sciences) were used to detect chemilumines-
cence signals on a Fluorchem HD2 Alphalmager (Cell
Biosciences).

Chromatin Immunoprecipitation (ChIP) Assay—The ChIP
assay in culture cells was performed as described previously
(48). Hepalclc-7 cells were transfected with either GFP or
E4bp4 expression vector and harvested 72 h later for the ChIP
assay. The liver ChIP assay was performed according the pro-
tocol described previously (49, 50). The frozen liver tissues were
minced in the presence of liquid nitrogen and cross-linked in
1% formaldehyde-PBS buffer. The resulted nuclei pellets were
then sonicated to generate soluble chromatin materials with
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FIGURE 1. Mouse Fgf21 is a circadian output gene regulated by the circadian protein E4BP4. A, mouse
Fgf21 promoter is differentially regulated by clock proteins. A luciferase vector driven by the mouse Fgf21
promoter was cotransfected with the expression vectors encoding various clock proteins in Hepalclc-7 cells.
Therelative luciferase activities were calculated based on the value of GFP group set as 1. Results are expressed
as mean = S.D. (error bars) (n = 3). B, E4BP4 overexpression blocks transcription activation of the Fgf21-luc by
BMAL1-CLOCK. The mouse Fgf21 promoter-driven luciferase reporter was co-transfected with expression vec-
tors of various clock proteins in Hepalc1c-7 cells. The relative luciferase activities were calculated based on the
value of GFP group set as 1. Results are expressed at mean = S.D. (n = 3). C, E4BP4 abolishes the activation of
the Fgf21-luc by PPAR« ligand WY14643. 24 h after co-transfection with the mouse Fgf21-luc and expression
vectors of E4BP4 and PPARq, Hepalclc-7 cells were treated with either DMSO or PPARa ligand WY 14643 (10
um) for 16 h. The relative luciferase activities are expressed as mean = S.D. (n = 3). D, schematic diagram shows
the putative binding sites (PPAR-response element (PPRE), E box, and D box) within the 1.5 kb Fgf21 promoter
upstream of the transcription starting site. The E-box and D-box deletion mutants are also indicated. E, mouse
Fgf21 promoter contains a functional E-box element. Deletion of the E-box binding site (—51 to —45) abolished
the BMAL1-CLOCK-mediated activation of the Fgf21 promoter. F, a D-box-binding element is required for
E4BP4-mediated repression of the Fgf21 promoter. The Fgf21-luc mutant D1m (—1033 to — 1015 deleted) was
not repressed by E4BP4 in the co-transfection assay. Both D2m mutant (—143 to — 125 deleted) and wild-type
Fgf21-luc respond to E4BP4 in similar manners.

sizes between 1 and 2 kb. The chromatin materials were immu-
noprecipitated with the following antibodies at 4 °C overnight:
anti-E4BP4, RNA polymerase II (Santa Cruz Biotechnology,
Inc.), and anti-acetyl H4 (Abcam). The resulting DNA frag-
ments were purified and subjected to PCR analysis using prim-
ers encompassing the D-box region of the mouse Fgf21 pro-
moter. The sequences of the PCR primers are as follows:
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mFgf21-5UTR, 5'-agtccttgctcagggtt-
cct-3' (forward) and 5'-acaggtgctcteca-
gatgct-3' (reverse); mFgf21-TSS, 5'-
tggtatttctgegttcacca-3' (forward) and
5'-atgggtcaggttcagactgg-3' (reverse);
18 S RNA, 5'-ttgacggaagggcaccac-
cag-3' (forward) and 5'-gcaccaccac-
ccacggaatgg-3' (reverse).

Statistical Analysis—All of the
luciferase assays were done in
triplicates. Luciferase readings were
normalized by the B-galactosidase
activity for each well. Three individ-
ual experiments were performed for
each treatment in FGF21 ELISA.
The results are indicated as the
mean * S.E. or mean * S.D. To
compare two groups, p < 0.05 was
considered statistically significant
for Student’s £ test.

RESULTS

Fgf21 Is a Circadian-regulated
Gene—The genome-wide expres-
sion analysis reveals about 5-10% of
liver transcripts oscillate in a circa-
dian fashion, suggesting that circa-
dian clock proteins directly regulate
the expression of those circadian
output genes (7, 8, 18, 51). One of
the key features of circadian output
genes is the presence of one or more
of the three classical cis-elements,
including E-box, ROR-response ele-
ment, and D-box sites (25, 26, 52).
To determine whether the critical
regulator of liver metabolism,
FGF21, is under the direct control of
the circadian network, we used
Genomatrix software to examine
the mouse Fgf21 promoter and
indeed located a canonical E-box
(=51 to —45) and two putative
D-box sites (—1033 to —1015 and
—143 to —125) (Fig. 1B). To test
whether the circadian proteins
directly regulate the Fgf21 pro-
moter, we co-transfected a mouse
hepatoma cell line, Hepalclc-7,
with both the Fgf21 promoter-
driven luciferase reporter construct

and a panel of clock protein expression vectors. Our results
(Fig. 1A4) clearly show that both the BMAL1-CLOCK complex
and RORa activated the Fgf21 promoter, whereas E4BP4
potently repressed it. Our results are consistent with a recent
report showing that RORa regulates the FGF21 expression and
secretion (44). Additionally, we tested the cross-talk between
E4BP4 and other circadian activators of the Fgf21 promoter.
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FIGURE 2. The circadian expression of Fgf21 and E4bp4 in the mouse
liver. The liver mRNA levels of Fgf21 (A) and E4bp4 (B) are shown during two

circadian cycles. The cDNA of each time point was derived from the pooled
liver samples of three mice.

E4BP4 not only suppressed the BMAL1-CLOCK-mediated
activation of Fgf21-luc (Fig. 1B) but also abolished the PPAR«-
induced activation of Fgf21-luc (Fig. 1C). To determine the
function of the putative circadian binding elements, we gener-
ated both E-box and D-box deletion mutants of the Fgf21-luc
construct (Fig. 1D). The E-box mutant Fgf21-luc was no longer
responsive to BMAL1-CLOCK activation (Fig. 1E), whereas
loss of the distal D-box element (—1033 to —1015) abolished
the suppression of Fgf21 promoter by E4BP4 (Fig. 1F), strongly
supporting our hypothesis that the mouse Fgf21 is indeed a
circadian target gene.

We are particularly interested in the repression of FGF21 by
E4BP4 in the context of circadian regulation because such tran-
scription repressors of FGF21 have not been reported. In the
mouse liver samples harvested during a circadian cycle, the
Fgf21 mRNA peaked around CT 6 in a 24-h rhythm (Fig. 24). In
contrast, the liver E4bp4 mRNA peaks at CT 0, completely
opposite to that of Fgf21, suggesting that E4BP4 represses the
Fgf21 gene expression during a circadian cycle.

To elucidate the detailed mechanisms of how E4BP4 re-
presses the Fgf21 promoter, we manipulated the E4BP4 func-
tion by using either an E4BP4 repression domain-truncated
mutant (12) or E4BP4 shRNA. In both cases, repression of the
Fgf21 promoter by E4BP4 is lost (data not shown). Taken
together, our data demonstrate that E4BP4 is a repressor of
Fgf21 promoter via a D-box binding element.

E4BP4 Represses FGF21 Transcription and Secretion—To
test whether E4BP4 directly regulates Fgf21 expression, we
transduced primary mouse hepatocytes with either Ad-GFP or
Ad-E4BP4 and detected a significant decrease of the FGF21
level in the culture medium by ELISA (Fig. 3A). The expression
of FLAG-E4BP4 was confirmed by Western blot in adenovirus-
transduced primary mouse hepatocyte cells (Fig. 24). To fur-
ther test how E4BP4 regulates the endogenous Fgf21 gene
expression in liver cells, we used a ChIP assay to confirm the
E4BP4 occupancy on the Fgf21 promoter in cells transfected
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with either GFP or E4BP4 expression construct. An increase in
E4BP4 binding to the D-box-containing Fgf21 promoter region
was detected, whereas the binding of RNA polymerase II, a
marker of active transcription, diminished drastically (Fig. 3B).
Both results indicate that E4BP4, when expressed in abun-
dance, can directly bind to the Fgf2I promoter and inhibit
FGF21 expression and secretion.

E4BP4 Regulates Circadian Oscillation of FGF21—Next, we
examined the effects of E4BP4 knockdown on the FGF21 circa-
dian oscillation. The basal level of the endogenous FGF21
mRNA increased about 7-fold in the cells transiently trans-
fected with E4bp4 shRNA versus control shRNA (Fig. 3C). We
previously established a protocol to synchronize Hepalclc-7
cells, which display the rhythmic expression of the Dbp gene for
two continuous cycles (53). To determine the extent of E4BP4
contribution to the circadian oscillation of Fgf21, we generated
a Hepalclc-7 stable cell line expressing E4bp4 shRNA. Knock-
down of the E4BP4 protein was confirmed by immunoblotting
(data not shown). To validate the circadian samples, we first
examined the Dbp oscillation in Hepalclc-7 stable cells (shCon
versus shE4bp4). The Dbp mRNA oscillation was impaired
in shE4bp4-expressing cells, suggesting that a chronic deple-
tion of E4bp4 interferes with the clock function (data not
shown). In contrast, E4bp4 knockdown drastically increased
the amplitude of the Fgf21 mRNA oscillation without affecting
its phase (Fig. 3D), consistent with the notion that E4BP4 func-
tions as a circadian repressor of FGF21 in liver cells. Based on
these results, we conclude that E4BP4 controls the circadian
oscillation of Fgf21 mRNA.

Feeding Suppresses FGF21 Expression through Up-regulating
E4BP4—Circadian rhythms control the daily cycle of feeding
and fasting (2—4, 47). The Fgf21 mRNA is significantly induced
by fasting but potently repressed by feeding (35, 36). Although
Fgf21 induction has been attributed to the PPARa-mediated
activation in the adaptive response during fasting (35, 36, 54),
the underlying mechanism for feeding-induced Fgf21 repres-
sion is unknown. To determine whether E4BP4 also plays a role
in feeding-induced Fgf21 repression, we measured the E4bp4
mRNA and protein levels in the mouse liver tissues after fasting
and ad libitum feeding for 24 h. Fasting, but not feeding,
induced the expression of G6pase, Pepck, and Pgcla in the
mouse livers (Fig. 44). In contrast, the E4BP4 mRNA and pro-
tein levels were increased upon feeding but decreased in the
fasting condition (Fig. 4, B and C). It is noteworthy that only
E4bp4 expression in the liver rather than adipose tissues is
affected by feeding (Fig. 4D), indicating an existence of a tissue-
specific regulation for E4bp4 expression. To examine whether
E4BP4 is involved in the Fgf21 repression during the feeding
state, we performed a ChIP assay to detect the occupancy of
E4BP4 binding on the Fgf21 promoter. In liver tissues from
fasted mice, there was no E4BP4 binding on the Fgf21 pro-
moter. However, a strong signal of E4BP4 binding was detected
on the Fgf21 promoter in the fed mouse liver tissues (Fig. 4E).
Combined with in vitro evidence, these results allow us to con-
clude that E4BP4 is likely to be the transcription repressor
mediating the feeding-induced suppression of Fgf21.

E4BP4 Mediates Suppression of FGF21 by Insulin—Upon
food intake, the insulin level increases in response to glucose
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FIGURE 3. E4BP4 directly represses Fgf21 and is required for its circadian oscillation in mouse liver cells.
A, overexpression of E4BP4 suppresses the secretion of FGF21 in culture medium of primary mouse hepato-
cytes. Cells were infected with either Ad-GFP or Ad-E4BP4 for 48 h and the culture medium was then collected
for ELISA analysis of FGF21. Results are expressed as mean = S.D. (error bars) of triplicates. A representative
result of three individual experiments is shown. The levels of total E4BP4 protein in primary hepatocytes
transduced with either Ad-GFP or Ad-E4BP4 were detected by Western blot. B, chromatin immunoprecipita-
tion was performed to detect E4BP4 binding to the mouse Fgf21 promoter in Hepalc1c-7 cells transfected with
either GFP or E4BP4 expression plasmid. The recruitment of RNA polymerase Il was examined as well. Results
are expressed as mean = S.D. of three experiments. The locations of ChIP primers are shown as well.
C,Hepalclc-7 cells were transfected with the control or E4bp4 shRNA for 72 h. Cells were synchronized by 50%
horse serum for 2 h and incubated in serum-free medium for another 16 h. Cells then were harvested for mRNA
analysis of the Fgf21 gene by Q-PCR. Results are expressed as mean = S.D. of at least three independent
experiments. *, p < 0.05. Knockdown efficiency of E4BP4 protein knockdown is shown below. D, knockdown of
E4BP4 alters the circadian oscillation of mouse Fgf21 in synchronized Hepalclc-7 cells. After synchronization
treatment with both dexamethasone (100 nm) and forskolin (10 um), the Hepalclc-7 cells stably expressing
either control shRNA or E4bp4 shRNA were collected for mRNA analysis at the indicated time points. The value
given for the amount of mRNA present at the 16 h time point was set as 1. Error bars, =range (n = 2). Inset,
circadian oscillation of Fgf21 in the shRNA control group.

sufficient to induce E4BP4 at both
mRNA and protein levels in
Hepalclc-7 cells and primary
mouse hepatocytes (Fig. 5, C and
D). Because insulin activates mul-
tiple signaling pathways, including
PI3K-AKT, ERK, and PKC (60—
62), we tested whether the PI3K-
AKT pathway is involved in E4BP4
induction by insulin. Specifically,
we used a PI3K inhibitor,
LY294002, to block insulin-in-
duced AKT activation (confirmed
by the reduced level of phospho-
rylated AKT in Fig. 5E). In this
condition, we observed that
E4BP4 induction by insulin is
completely abrogated when the
PI3K-AKT pathway is inhibited
(Fig. 5F). In contrast with the insu-
lin induction of E4bp4, the same
dose of insulin caused a significant
down-regulation of Fgf21 expres-
sion in Hepal cells after overnight
treatment (Fig. 6A). The insulin
effect on Fgf21 expression is medi-
ated through a transcriptional
event because insulin treatment
resulted in a significant decrease
in the levels of acetyl-H4 binding
around the 5’-untranslated region
(UTR) as well as the transcription
start site (T'SS) region of the Fgf21
promoter (Fig. 6B). To examine
whether the Fgf21 down-regula-
tion by insulin treatment is medi-
ated through E4BP4, we per-
formed ChIP analysis on the Fgf21
promoter following a 12-h insulin
treatment. The result shows that
insulin stimulated the E4BP4
recruitment onto the Fgf21 pro-
moter (Fig. 6C). To ultimately test
whether E4BP4 is required for this
regulation, we examined the Fgf21
expression in insulin-treated cells

surge. Although the insulin action on the liver and adipose
tissue has been well documented in SREBP-mediated lipo-
genesis (55-57), its inhibition on lipolysis is largely unex-
plored. Because the E4bp4 mRNA level is higher during feed-
ing, we speculate that insulin regulates its transcription. To
test this possibility, we treated serum-starved Hepalclc-7
cells with insulin and then analyzed the E4PB4 expression at
both the mRNA and protein levels. Hepalclc-7 cells
respond to a wide range of insulin dosage with an increase in
AKT Ser*”® phosphorylation, ATP citrate lyase expression
(58) and a down-regulation of PDK4 (59) (Fig. 5, A and B).
Indeed, we found that a 200 nMm insulin treatment for 3 h was
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after E4BP4 depletion. E4BP4 knockdown completely abol-
ished insulin suppression of the Fgf21 expression (Fig. 6D),
indicating that E4BP4 is the major mediator of insulin action
on Fgf21 regulation. Moreover, we addressed the potential
role of AKT activation in the insulin-induced repression of
the Fgf21 promoter activity. Overexpression of a constitu-
tively active form of AKT (AKT-CA in Fig. 6) was sufficient
to repress the Fgf21 promoter activity in HepalC1C-7 cells.
On the other hand, constitutively active AKT failed to
repress the distal D-box-deleted Fgf21 promoter mutant
(D1m), indicating that such effects are likely to be mediated
through E4BP4 (Fig. 6E).
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FIGURE 4. E4ABP4 mediates feeding-induced FGF21 gene suppression.
A, the mRNA levels of gluconeogenic genes, including Gépase, Pepck, and
Pgcla, in the fasted or fed liver tissues isolated from wild-type C57BL6 mice
(n = 5). Data are presented as mean = S.E. (error bars). *, p < 0.05. B, Q-PCR
analysis for the mRNA level of E4bp4 in the same set of liver tissues (n = 5). The
expression levels of Fgf21 and PPARa were measured as well. Data are pre-
sented as mean * S.E. ¥, p < 0.05. C, immunoblotting analysis for the liver
E4BP4 protein level from the same tissue samples. D, Q-PCR analysis of the
E4bp4 mRNA levels in both the liver and adipose tissues isolated from fasted
or fed wild-type C57BL6 mice (n = 5). Data are presented as mean * S.E.*, p <
0.05. E, ChlIP assay for the occupancy of E4BP4 on the Fgf21 promoter in both
fasting and feeding conditions. Liver tissues (n = 3) harvested after fasting or
feeding for 24 h were used as input materials. Data are presented as mean *+
S.E.* p < 0.05.

DISCUSSION

In this report, we identified a novel regulatory mechanism for
the circadian protein E4BP4 to control the Fgf21 expression
during a circadian cycle and upon food intake (Fig. 6F). As a
transcription repressor, E4BP4 mediates the repressive state of
Fgf21 expression during the circadian night as well as during
the feeding phase. Our study has identified a functional D-box
element in the Fgf21 promoter region. E4BP4 directly binds to
this site within the promoter region of the Fgf21 gene and sup-
presses its transcription. Depletion of E4BP4 derepresses Fgf21
expression and shifts its oscillation pattern in the synchronized
mouse hepatoma cells. Overexpression of E4BP4 suppresses
secretion of FGF21 in primary mouse hepatocytes. Mimicking
the feeding effect, insulin stimulates the E4BP4 expression and
increases the E4BP4 binding to the D-box-containing Fgf21
promoter. More importantly, we found that E4BP4 mediates
the insulin-induced down-regulation of Fgf21 because insulin
fails to suppress Fgf21 expression in cells depleted of E4BP4. In
summary, we uncovered a transcriptional pathway linking a
critical metabolic regulator with the circadian clock through
the circadian-controlled transcription repressor, E4BP4.

As a circadian output gene, the E4BP4 mRNA was found to
be robustly cycling in the liver and suprachiasmatic nucleus but
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FIGURE 5. Insulin up-regulates the expression of E4BP4 through AKT acti-
vation in liver cells. A, insulin-induced AKT phosphorylation in Hepalclc-7
cells. Both total and phosphorylated AKT proteins were detected by immu-
noblotting. B, Q-PCR analysis of the mRNA levels of Pdk4, ATP citrate lyase,
and malic enzyme (ME) in the insulin-treated Hepa1C1C-7 cells. C, insulin
up-regulates the gene expression of E4bp4 in a time-dependent manner in
Hepalclc-7 cells. Confluent Hepalc1c-7 cells were treated with insulin at 200
nm for 0, 3, and 6 h before harvest. The mRNA level of E4bp4 was determined
by Q-PCR. Results are expressed as mean * S.D. (error bars) (n = 3).%,p < 0.05.
D, insulin up-regulates the E4BP4 protein levels in freshly isolated primary
mouse hepatocytes. Cells were treated with insulin at 200 nm for 0, 3, and 6 h.
The protein levels of E4BP4, GSK3, GSK3Bs9p, and loading control Ran were
detected by specific antibodies. E, pretreatment with PI3K inhibitor LY294002
(50 um) blocks AKT phosphorylation by insulin in Hepalclc-7 cells. The con-
trol was treated with DMSO. F, AKT inhibition blocks the insulin-induced
E4BP4 protein expression in Hepa1C1C-7 cells. Cells were treated with either
DMSO or LY294002 for 2 h before insulin treatment at various concentrations
for 12 h. Animmunoblot was used for detecting E4BP4 protein levels.

out of phase with DBP (17). The mammalian E4BP4 has been
implicated in the circadian regulation of a number of circadian
output genes, including Per2 (63), Cyp7A (28), and Cyp3A4
(64), suggesting that E4BP4 functions as a mediator of the cir-
cadian clock to control its output gene expression. In this study,
we discovered a novel link between the circadian protein
E4BP4-dependent transcription repression and the circadian
oscillation of a key metabolic regulator in liver metabolism. We
identified Fgf21 as another E4BP4-regulated circadian output
gene and provided new insights into the circadian function of
E4BP4 in energy homeostasis. Because FGF21 displays diverse
effects on lipolysis, gluconeogenesis, and mitochondrial bio-
genesis in the liver (32-34), it is very likely that the E4BP4-
FGF21 regulatory axis could influence the diurnal fluctuation of
these metabolic pathways. The recently developed E4BP4
knock-out mice (14 -16) will be a very useful model to address
the circadian biology and metabolic relevance of E4BP4, in par-
ticular on FGF21 regulation.

Along with the work of others (43, 44), we showed that the
Fgf21 promoter contains three circadian-responsive elements,
including an E-box, a ROR-response element site, and a D-box,
all of which are hallmarks of a classical circadian-regulated gene
(25, 26). An E-box mutant of Fgf21-luc completely abolished
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FIGURE 6. Insulin suppresses Fgf21 via the induction of E4BP4 in liver
cells. A, insulin suppresses the Fgf21 expression in Hepalc1c-7 cells. Conflu-
ent Hepalclc-7 cells were first synchronized by 50% horse serum for 2 h and
incubated at serum-free medium for another 6 h. Cells were then treated with
200 nm insulin for 12 h before Fgf21 Q-PCR. Results are expressed as mean *+
S.D. (error bars) (n = 3).*, p < 0.05. B, insulin treatment increases the levels of
acetylated H4 around the Fgf21 promoter regions. Confluent Hepalclc-7
cells were treated as in A before ChIP analysis with specific antibodies. Results
are expressed as mean = S.D. (n = 3). G, insulin treatment stimulates the
recruitment of E4BP4 onto the Fgf21 promoter. Confluent Hepalclc-7 cells
were treated as in A before a ChlIP assay with anti-E4BP4 antibody. D, E4BP4 is
required for the insulin-induced suppression of Fgf21 in liver cells. After syn-
chronization by 50% horse serum for 2 h and incubation in serum-free
medium for another 6 h, Hepalclc-7 cells stably expressing either shRNA or
E4bp4 shRNA were then treated with insulin at 200 nm for 12 h before Fgf21
mRNA analysis. Results are expressed at mean £ S.D. (n = 3).*, p < 0.05.E, AKT
activation represses the luciferase activity driven by the wild type Fgf21 pro-
moter but not by the E4BP4 binding site-deleted mutant. A constitutively
active AKT was co-transfected into Hepalclc-7 cells along with either WT
Fgf21-luc or D1m Fgf21-luc. The relative luciferase activities 48 h post-trans-
fection are presented as mean = S.D. (n = 3). F, model for the regulation of
hepatic FGF21 expression by E4BP4. Both insulin and feeding induce E4bp4
to regulate the Fgf21 circadian oscillation upon food intake. E4BP4 directly
binds to a distal D-box element of the Fgf21 promoter to suppress its expres-
sion. As a first order circadian output gene, E4BP4 links the circadian rhythm
to liver metabolism.

the BMAL1-CLOCK activation of the promoter activity. It will
be of great interest to investigate how the circadian pattern of
Fgf21 is altered in the circadian clock mutant mice, such as
Bmall null mice (65). Several recent human studies show that
PPARa-dependent transcription activation could not fully
explain the FGF21 dysregulation in metabolic diseases, such as
obesity (40, 66), non-alcoholic fatty liver disease (66, 67), and
diabetes (68, 69). It is notable that none of the previously men-
tioned studies has examined the diurnal rhythm of the circulat-
ing FGF21, which is critical to the temporal changes of FGF21
in diseased conditions. Liver circadian clocks are usually per-

NOVEMBER 19, 2010+VOLUME 285+-NUMBER 47

Transcriptional Repression of FGF21 by E4BP4

turbed in the condition of obesity and diabetes (20, 70-72).
Although the role of FGF21 in metabolism is still being clarified
(35-37, 73), it is conceivable that dysregulation of FGF21 by
clock proteins contributes to the pathogenesis of diabetes and
obesity.

Herein, we first reported that both E4bp4 mRNA and protein
could be induced by insulin in a mouse hepatoma cell line and
primary mouse hepatocytes. At this stage, it remains unclear
how insulin induces the E4BP4 expression. Both SREBP and
ChREBP are the two major transcription factors mediating
transcription activation of lipogenesis upon insulin treatment
(55, 56, 74, 75). As a circadian output protein, the E4bp4 pro-
moter contains a canonical binding site for nuclear receptor
RORa and Rev-erba as well as an E-box for BMAL1-CLOCK
(25, 28). E4bp4 circadian expression is altered in Rev-erba null
mice and Clock mutant mice. No report about the E4bp4
expression in RORa null mice has been published yet. Future
work is needed to pin down the transcription factors involved in
the insulin-induced expression of E4BP4. Besides transcrip-
tional regulation, phosphorylation of the E4BP4 protein by
casein kinase le was also reported (76). Therefore, it is also
possible that the insulin-signaling cascade leads to a change of
the phosphorylation status of E4BP4, which in turn enhances its
repression activity on the target genes.

We show in this study that E4BP4 is important for maintain-
ing a repressive state of the Fgf21 gene during feeding and in
response to insulin in hepatocytes. Several studies have pre-
sented data showing that the levels of E4BP4 and its circadian
counterpart DBP are correlated to body mass index in humans,
and their levels change in high fat diet-fed animals (77, 78).
Interestingly, Fgf21 also shows dysregulation in those condi-
tions. A future study will test whether dysregulation of E4BP4
accounts for abnormal levels of Fgf21 in circadian knock-out
mice or high fat diet-induced obese mice.
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